Abstract: Programmed death-ligand 1 (PD-L1) can reduce the immune response by inhibiting CD8 T-cell proliferation and cytotoxic activity. We studied a series of human viral (molloscum, human papillomavirus, herpes simplex, cytomegalovirus, Epstein-Barr virus, smallpox) and bacterial infections (Helicobacter pylori) for the in situ expression of PD-L1, mononuclear cell infiltration, and CD8 activity and compared this to noninfectious idiopathic inflammatory conditions to better define which immune responses may be more highly correlated with an infectious agent. Each viral and bacterial infection showed an increased PD-L1 expression that was most prominent in the mononuclear cell/CD8+ infiltrate surrounding the infection. However, the CD8 cells were mostly quiescent as evidenced by the low Ki67 index and minimal granzyme expression. Using a melanoma mouse model, acute reovirus infection increased PD-L1 expression, but decreased CD8 cytotoxic activity and Treg (FOXP3) cell numbers. In comparison, idiopathic noninfectious chronic inflammatory processes including lichen sclerosis, eczema, Sjogren's disease, and ulcerative colitis showed a comparable strong PD-L1 expression in the mononuclear cell infiltrates but much greater Treg infiltration. However, this strong immunosuppressor profile was ineffective as evidenced by strong CD8 proliferation and granzyme expression. These data suggest that viral and bacterial infections induce a PD-L1 response that, unlike noninfectious chronic inflammatory conditions, dampens the activity of the recruited CD8 cells which, in turn, may enhance the ability of anti-PD-L1 therapy to eliminate the infectious agent.
T he human immune system is a complex intercompeting network designed to preserve the careful balance of eliminating foreign antigens while preventing excessive tissue damage. Essential to maintaining this balance are CTLA-4 and programmed death-ligand 1 (PD-L1). The latter has been much more extensively studied and, after binding to PD-L1 and other proteins, can suppress the immune system by reducing cytotoxic T-cell CD8+ proliferation and activation. [1] [2] [3] [4] [5] [6] It has been well established that in infections due to a variety of viruses in humans and animals, PD-L1 levels are inversely correlated with both viral load and CD8 proliferation and cytotoxic behavior. [7] [8] [9] [10] [11] Importantly, anti-PD-L1 treatment can enhance viral clearance that, in turn, is correlated with increased CD8 cytotoxic activity. [7] [8] [9] Another key factor in balancing the activity of the immune system is the regulatory T (Treg) cell, marked by the protein FOXP3, which is involved in maintaining tolerance to self-antigens, preventing autoimmune disease, and in curtailing the immune system after an infectious agent is eliminated. [12] [13] [14] [15] In noninfectious chronic inflammatory diseases that are purported to involve auto-antigens it is clear that PD-L1, CD8 activation, and Tregs may play a role in the disease state. For example, in mouse models of inflammatory bowel disease, increasing PD-L1 levels diminishes the severity of colitis. 16 Ulcerative colitis in humans is associated with an increase in FOXP3+ Tregs. 13, 17 In comparison, in the normal aging immune system, the loss of FOXP3+ Tregs has been associated with chronic inflammation in the elderly. 14 Many viruses can be associated with chronic inflammation in humans. Such viruses include human papillomavirus (HPV), cytomegalovirus (CMV), EpsteinBarr virus (EBV), herpes simplex virus (HSV), and the molloscum virus. Viral DNA and specific RNA (ORFs) are typically made in high copy number in the more common forms of the diseases due to these viruses. Bacterial infections also can induce chronic inflammation where lymphocyte infiltration may be marked; a common example is the gastritis associated with Helicobacter pylori. CD8 cells, as expected, have been shown to be a major cell recruited with these infections and have also been documented to play a key role in the noninfectious autoimmune diseases, which include many diseases in humans such as eczema, lichen sclerosus et atrophicus, ulcerative colitis, and Sjogren's disease. [18] [19] [20] The purpose of this manuscript is to compare the modulation of the immune system in a variety of infectious diseases and noninfectious chronic inflammatory diseases in humans by studying the immunosuppressors PD-L1 and Tregs; the immune cell mediators including activated macrophages, natural killer (NK) cells, and CD8 cells; and activation of the CD8 cells as measured by granzyme expression and the Ki67 proliferation index. In this way, we hoped to elucidate whether any features of the immune response may be strongly correlated with and thus specific for infectious agents.
MATERIALS AND METHODS

Patient Selection
Paraffin-embedded, formalin-fixed deidentified biopsies were available from the files of Phylogeny (Powell, OH), Enzo Clinical Laboratory (Farmingdale, NY), and the files of one of us (G.J.N.). Clinical information included the histology diagnosis, patient age/sex, and history of immunosuppression. We examined PD-L1 expression in a total of 251 biopsies that included 191 histologically normal tissues from 12 distinct sites, 37 biopsies with viral infections (molloscum contagiosum, HPV infection of the vulva, HSV infection of the vulva, CMV, EBV, reovirus, and smallpox), 3 biopsies with bacterial infections (each H. pylori of the stomach), and 20 biopsies with idiopathic chronic inflammatory conditions (eczema and lichen sclerosus of the vulva, ulcerative colitis, and Sjogren's disease).
In Situ Hybridization
Our protocol on in situ hybridization method has been previously published. [21] [22] [23] In brief, several serial sections were placed on silane-coated slides, the paraffin removed, and the tissue pretreated with protease for 4 minutes at room temperature. The presence of either HPV, HSV, CMV, or EBV DNA was determined using the PathoGene Alkaline Phosphatase NBT/BCIP in situ assay for tissue sections (Enzo Life Sciences, Farmingdale, NY). The negative and positive controls were provided by the manufacturer and gave the expected results. Reoviral RNA in situ hybridization was performed with a previously published protocol that utilizes a 5' digoxigenin tagged set of 2 LNA oligoprobes in which the detection system uses an antibody against digoxigenin that is conjugated to alkaline phosphatase. 21 
Immunohistochemistry
Our immunohistochemistry protocol has been previously published. [21] [22] [23] In brief, after using a standard optimization protocol that included positive controls known to have the target of interest, we tested the tissues for the following antigens: CD8, CD45, CD68, Ki67 (each from Ventana Medical System), PD-L1, FOXP3, CD117 (each from ABCAM), and granzyme (Enzo Life Sciences). For the mouse studies we used antibodies that could react against the mouse epitope for CD3, PD-L1, FOXP3, CD117, IL22 (each from ABCAM), and granzyme (Enzo Life Sciences).
Coexpression Analysis
Coexpression analyses were performed using the Nuance system (CRI) as previously published. [21] [22] [23] In brief, a given tissue was tested for 2 different antigens using fast red as the chromogen for 1 target followed by immunohistochemistry using DAB (brown) as the second chromogen with hematoxylin as the counterstain. The results were then analyzed by the Nuance and InForm systems in which each chromogenic signal is separated, converted to a fluorescence-based signal, then mixed to determine what percentage of cells were expressing the 2 proteins of interest.
Reovirus Melanoma Model and Cell Cultures
The protocol used with the C57BL/6 mice and the B16 melanomas were as previously described. 24 In brief, the procedures were approved by the Mayo Foundation Institutional Animal Care and Use Committee. C57BL/6 mice (6 to 8 wk old) (Jackson Laboratories, Bar Harbor, ME) were injected subcutaneously with 2 Â 10 5 B16 murine melanoma cells. Wild-type Reovirus type 3 (Dearing strain) is a unique isolate acquired from Oncolytics Biotech (Calgary, Alberta, Canada). Reovirus was administered intravenously at 10 8 TCID 50 per injection. Paclitaxel (Mayo Clinic Pharmacy, Rochester, MN) was injected intraperitoneally at 10 mg/kg per injection. Bidimensional tumor diameters were measured thrice weekly using calipers and mice were killed when actively progressing tumors exceeded 1.0 cm. Different sets of mice were treated either with PBS, reovirus alone, reovirus plus sunintib, and reovirus plus paclitaxel. 24 We also tested various multiple myeloma cell lines that show a marked range in their susceptibility to reovirus infection. Cell cultures on the myeloma cell lines RPMI and U266 (each highly sensitive to reoviral infection), and OPM2 plus KM518 cells (each low sensitivity to reovirus infection) were done as previously reported (submitted for publication).
RESULTS
PD-L1 is Not Expressed in Most Normal Tissues
To determine the baseline expression, we did immunohistochemistry for PD-L1 in 191 normal tissues from 12 different sites. These were histologically normal tissues from people with no evidence of cancer. Table 1 has a compilation of these data. Note that no PD-L1 expression was evident at 9 of the sites. However, PD-L1 was highly expressed in each placenta (n = 16), skin sample (n = 12), and normal gastric biopsy (n = 6) that was examined. Representative images are presented in Figure 1 . Note that in each case the PD-L1 is being expressed in cells that contain cytokeratin including trophoblasts, epidermal squamous cells, and glandular cells of the stomach. Figure 1 also highlights the lack of FOXP3 expression and mononuclear cell activation in these histologically normal tissues.
Immune Response Intensity is Variable in the Human Infections
After establishing the baseline amount of PD-L1 expression in the normal tissues, we then studied a variety of viral and bacterial infections in humans. As seen in Table 2 , we studied 40 tissues that contained an infectious agent as documented by cytologic changes (molloscum contagiosum), in situ hybridization (HPV, CMV, EBV, smallpox virus, HSV), or the Giemsa stain (H. pylori). Table 2 shows that the inflammatory cell infiltrates in these infectious diseases varied from minimal (1+) to marked (3+). Thus, it is not surprising that the numbers of CD8, CD68, and NK cells also varied a great deal among the different infectious processes. These infectious diseases shared in common 3 findings: PD-L1 upregulation, minimal Treg infiltration, and CD8 cell quiescence despite their large numbers in many of the infected tissues. PD-L1 upregulation was mostly due to the mononuclear cells infiltrating the infected tissue and, thus, its intensity closely paralleled the numbers of CD8 cells. Coexpression analysis showed that most of the PD-L1+ mononuclear cells were CD8+ with lesser numbers positive for CD68+ (Fig. 4) . Figure 2 shows representative examples of the PD-L1/CD8 results. Note the many viral inclusions in the molloscum infection (Figs. 2A, B) , and high EBV DNA copy number (Figs. 2C, D) where the inflammatory cell infiltrates were minimal. The PD-L1 expression was invariably high in the infections with marked inflammatory cell infiltrate as seen in smallpox infection of the skin (Fig. 2E ) and H. pylori infection of the stomach (Fig. 2G ). As expected, many of the mononuclear cells were CD8+ ( Fig. 2F ) but they showed minimal activation as evidenced by low granzyme expression and a low Ki67 index (Fig. 2H ).
Reoviral Infection of Malignant Cells Including in the B16/C57BL/6 Mouse Model
The data above suggested that infectious agents could upregulate PD-L1 expression. Reovirus is a doublestranded RNA virus with a strong propensity to infect human cancer cells and not the adjoining benign cells; the virus can easily be grown in cell culture. 21, 24 Thus, we studied the PD-L1 response after reovirus infection in both susceptible cell lines and in the B16 melanoma mice model where we also studied the immune response. The myeloma cell lines offered a straightforward way to examine the effect of reoviral infection on PD-L1 expression as the different lines varied a great deal in their sensitivity to the virus. The myeloma cell lines RPMI and U266 (reovirus sensitive) showed no productive reoviral infection 24 hours after inoculation but about 20% of the cells do show ample reoviral protein 48 hours after infection. PD-L1 expression closely mirrored the reoviral protein results in these cells with similar numbers of cells expressing both reoviral protein and PD-L1 (Fig. 3) .
Also, coexpression experiments showed that PD-L1 expression in the myeloma cells was limited to those with productive reoviral infection (Fig. 3) . Ammonia treatment that eliminates reovirus infection in these cells also eliminated the PD-L1 expression (Fig. 3) . We found no increased PD-L1 expression with reovirus exposure in the reovirus resistant OPM2 plus KM518 cell lines (data not shown).
We next compared the T-cell infiltrate (defined by CD3 expression), numbers of NK cells (defined by coexpression of CD 117 and IL22), Treg cells (defined by FOXP3 expression), PD-L1 expression, CD8 activation *Inflammatory cell infiltrates, PD-L1, FOXP3, CD8, CD68, and NK (CD117 and IL22) positive cells were scored as 0, 1+ (mean, <10+ cells/ Â 200 field over the entire area of infected tissue), 2+ (mean score of 11 to 25+ cell/ Â200 field), and 3+ (mean, >25+ cells/ Â200 field.
wCD8 activation was scored as minimal (weak to no granyzme expression and/or <10% of the mononuclear cells+for Ki67) or strong (moderate to strong granzyme expression and/or >10% of the mononuclear cells positive for Ki67).
zOHL, oral hairy leukoplakia-this was the only infectious disease studied in immunosuppressed patients (HIV-1+). CMV indicates cytomegalovirus; EBV, Epstein-Barr virus; HPV, human papillomavirus. . The reoviral proliferation was also associated with the marked reduction of granyzme expression (E) and the loss of Tregs (C2). Similarly, human infections, such as herpes simplex virus of the vulva (F) showed many CD8 cells that were not expressing granzyme (F) or Ki67 (not shown); the arrow highlights a multinucleate HSV-infected squamous cell. The myeloma cell line RPMI is susceptible to reovirus infection.
The RPMI cells do not express PD-L1 (G). However, 48 hours after infection reoviral protein is evident in many of the RPMI cells that now express PD-L1 (H). The infection can be abrogated if ammonia (NH4) is added with the reovirus; under these conditions PD-L1 is no longer evident (I). Coexpression analysis in these cells of reovirus (J, fluorescent red) and PD-L1 (K, fluorescent green) demonstrate that it is the reoviral-infected cells that express PD-L1 (L, merged image, fluorescent yellow marks colocalization).
(as measured by granzyme expression), and IL6 expression in the melanoma samples as a function of no treatment, reovirus treatment alone, or reovirus treatment plus either sunitinib or paclitaxel in the B16 mouse melanoma model. We had previously showed that reovirus in combination with either sunitinib or paclitaxel induced a productive reoviral infection in the B16 tumors that showed a striking perivascular distribution. 24 The data are compiled in Table 3 . Note that reoviral infection, when evidenced by viral RNA proliferation alone (nonproductive infection) or reoviral infection with ample capsid production (productive viral infection) was associated with increased perivascular T-cell and NK-cell infiltrates and increased PD-L1 expression. Interestingly, reoviral infection per se (nonproductive or productive infection) also much diminished the Treg infiltration and the CD8 activation. The NK cell infiltrate were more strongly correlated with productive reoviral infection, as was IL6 expression, as each were maximized by reovirus in conjunction with either sunitinib or paclitaxel. Figure 3 shows representative data for the reovirus experiments. Note that PD-L1 expression is much increased after reoviral treatment (Figs. 3D vs. 3A) and that there is a concomitant marked reduction in granzyme expression (Figs. 3E vs. 3B) and FOXP3 Treg infiltration (Figs. 3 C1 vs. 3 C2) . Figure 3F shows the equivalent loss of CD8 activation in herpes simplex infection of the skin.
Noninfectious Chronic Inflammatory Conditions Elicit a Strong Immune Response With CD8 Activation Despite Ample PD-L1 Expression and Treg Infiltration
Having observed that the immune response in viral and bacterial infections was characterized in many cases by increased number of CD8, CD68, and NK cells with concomitant PD-L1 expression, low Treg numbers, and muted CD8 activity, we wanted to compare this to the immune response to noninfectious chronic inflammatory conditions. We studied lichen sclerosus, eczema, ulcerative colitis, and Sjogren's disease. The results are summarized in Table 4 . Note that the noninfectious chronic inflammatory conditions, like many of the infectious diseases, showed an intense PD-L1 response. Also, they each showed marked increases in the CD8+ cells together with many CD68+ and NK cells. However, unlike the infectious diseases, the noninfectious conditions each showed a striking increase in the Tregs. Further, despite the marked PD-L1 expression and Treg numbers, these idiopathic conditions still demonstrated substantial CD8 activation that was easily demonstrated by the Ki67 proliferation index of the recruited CD8 cells in serial sections.
We used the Pearson's w 2 test using the InStat Software for Windows (version 3.36) and tested the null hypothesis that the probability of the expression of wCD8 activation was scored as minimal (weak to no granyzme expression) or strong (moderate to strong granzyme expression). zNonproductive reoviral infection, defined by the detection of reoviral RNA but not reoviral protein in the cancer cells, was seen in the 3 mice treated with reovirus alone.
zProductive reoviral infection, defined by the detection of reoviral RNA and reoviral protein in the cancer cells, was seen in the 6 mice treated with reovirus plus sunitinib (3) or paclitaxel (3). *Inflammatory cell infiltrates, PD-L1, FOXP3, CD8, CD68, and NK (CD117 and IL22) positive cells were scored as 0, 1+ (mean, <10+ cells/ Â200 field over the entire area of infected tissue), 2+ (mean score of 11 to 25+ cell/ Â200 field), and 3+ (mean, >25+ cells/ Â200 field).
PD-L1, FOXP3 numbers, CD8 activation (Ki67 index or granzyme expression), CD68, and NK cell numbers in the infectious diseases was equivalent to the probability in the noninfectious inflammatory conditions. We only chose the infectious disease cases with 3+ inflammatory cell infiltrates. The 2 Â 2 table analysis utilized a continuity correction and the null hypothesis was rejected if the significance level at 1 degree of freedom was below 1%. Such analyses showed that there was a significant decrease in the numbers of FOXP3+ Tregs and Note the strong CD45+ lymphocytic infiltration that contains many CD8+ cells (A and B) and the strong PD-L1 response that is primarily in the stromal mononuclear cells (C). The inset shows the fluorescent yellow signal that indicates that most of the PDL1+cells also express CD8. The mononuclear cells include activated macrophages (CD68, D), Tregs (FOXP3, E; the inset shows that the FOXP3+ cells do not coexpress PD-L1) and stromal NK cells (CD 117, F). In comparison, the molloscum contagiosum virus elicits a weak lymphocytic response in the vulva (CD8, G) as does HPV 6 (hematoxylin and eosin, H) despite the high viral load (copy number I, in situ for HPV 6 DNA). Note that in comparison with the infiltrate in eczema the CD68 ( J, arrow shows rare+cells in epidermis), Treg (FOXP3, K) and NK response in the stroma is weak (L).
CD8 activation in the infectious diseases (P = 0.001) and no significant difference in the extent of PD-L1 expression.
Representative examples of the data in the skin are provided in Figure 4 . Note that the superficial dermis in eczema (small arrow) showed a strong mononuclear infiltration with many CD68+, CD8+, and CD117+ cells with strong expression of both PD-L1 and many Treg cells (Figs. 4A-F) . The inserts show the strong coexpression of CD8 and PD-L1 (Fig. 4C ) and the lack of coexpression between the Treg cells and PD-L1 (Fig. 4E) . In comparison, the inflammatory cell infiltrates in molloscum and HPV vulvar infections had far fewer inflammatory cells despite the high viral copy number (Figs. 4G-L) . Also note the absence of FOXP3+ cells in the viral infected skin and that the CD68+ and CD117+ cells were at times found in the epidermis (large arrow) that was unusual in eczema and lichen sclerosus (Figs. 4G-L) . The CD117+ cells represent both melanocytes (at the epidermal/dermal junction) and NK cells (stroma) based on coexpression with IL22. 22, 23 PD-L1 expression closely mirrored the PD-L1 expression in the infectious tissues and eczema/lichen sclerosus tissues (data not shown). Figure 5F shows that the histologically unremarkable colon in cases of ulcerative colitis has PD-L1 expression that was not evident in the histologically normal colon adjacent to the CMV infection (data not shown).
DISCUSSION
The original and primary finding of this study was to characterize 2 strong differences in the immune profile when comparing infectious and noninfectious chronic inflammatory processes in humans. Although each showed a strong PD-L1 response, the infectious diseases showed minimal Treg infiltration, whereas the noninfectious processes showed an intense Treg reaction. Secondly, the strong immunosuppressive phenotype of the noninfectious diseases was ineffectual in preventing CD8 activation as revealed by the high Ki67 index and robust granzyme expression. This was in sharp contrast to the infectious disease processes where the recruited CD8 cells were mostly quiescent. An important clinically related observation from these data are that they may provide a molecular basis for the observation that anti-PD-L1 therapy tends to be effective in eradicating viral infections as it would be expected to induce CD8 proliferation and cytotoxic behavior by removing the blockage of such by PD-L1. [5] [6] [7] [8] [9] [10] [11] Also, there are some diseases in which the question of autoimmune versus infectious is still controversial, such as idiopathic pulmonary fibrosis. One may postulate from the current study that an immune profile rich in Treg cells and activated CD8 cytotoxic cells would be more likely to be noninfectious.
The immune system has various checkpoints built into its complex pathways that attempt to contain the foreign antigen but not at the expense of excessive tissue damage. A major subset of T lymphocytes, the Tregs, which can be identified by their nuclear protein FOXP3, are a classic example of such a checkpoint that can reduce the risk of autoimmune diseases. Much attention has focused recently on 2 separate checkpoint inhibitors, PD-L1 and CTLA-4. These proteins are able to bind to molecules such as PD-L1 or CD80 which, in turn, ultimately reduces the activity of the recruited cytotoxic CD8+ lymphocyte, which is the key cell in attacking both cancer and viral/ bacterial foreign antigens. The importance of blocking either PD-L1 or CTLA-4 has been recently underscored in cancer treatment where several groups have shown a strong antitumor response after removing either checkpoint inhibition. [25] [26] [27] [28] [29] [30] Several of these manuscripts have stressed the importance of a strong CD8 presence in the tumor as a predictor of success after anti-PD-L1 therapy and have likewise shown that the CD8 cells shift from a quiescent to activated state after the PD-L1 blockage has been removed. 25, 26 The blockage of PD-L1 or CTLA-4 by the appropriate antibody (eg, MPDL3280A for PD-L1 and ipilimumab for CTCL4) has been associated with autoimmune manifestations. For example, 17% of people in 1 study that received ipilimumab developed autoimmune hypophysitis. 29 Still, the reporting of autoimmune disease after antibody therapy against PD-L1 is rare. 25, 26 Our results suggest that 1 possible explanation may be that autoimmune diseases such as ulcerative colitis, Sjogren's disease, and lichen sclerosus typically are associated with an immunosuppressor profile that includes other checkpoints besides PD-L1 such as Tregs. Further, the PD-L1 in autoimmune diseases may not be effective given the strong CD8 activation in such cases. The reason(s) why CD8 cytotoxic cells are able to circumvent the strong PD-L1 and Treg presence in noninfectious chronic inflammatory states that are presumed to be autoimmune in origin are poorly understood and were not addressed in this study.
Our results suggest that immune checkpoints and their role in infectious diseases may be more straightforward than with noninfectious chronic inflammatory states. Despite studying a wide range of viral infections and the common bacterial pathogen H. pylori, we could not find any infectious disease where Tregs were a substantial part of the inflammatory infiltrate. However, PD-L1 expression was invariably strong in the mononuclear cells that were plentiful in many of these infectious disease tissues. Unlike autoimmune chronic inflammatory states, the PD-L1 in the infectious disease cases may have been actively suppressing the immune response as indicated by the lack of granzyme expression and the rarity of CD8 proliferation. Indeed, we were able to use a mouse model that utilized the ability of reovirus to specifically target cancer cells to demonstrate that reoviral RNA proliferation strongly enhanced PD-L1 production with a concomitant loss of granyzme expression. Similarly, by using various myeloma cell lines with marked differences in sensitivity to reovirus infection, we were able to demonstrate that reovirus infection per se was strongly correlated with enhanced PD-L1 expression.
Reovirus has become an important agent in cancer treatment given its ability to target cancer cells. 21, 24 Concomitant chemotherapy has been shown to enhance the ability of reovirus to cause tumor lysis by enhancing the productive infection by the virus which, in turn, can activate the caspase-3 apoptosis cascade. 21, 24 It has been suggested that this enhanced oncolysis may have 2 causes: direct virus-mediated tumor cell destruction and the increased immune state induced by the virus. This study showed that reovirus infection can "prime" the immune system by increasing the number of CD8 and NK cells around the tumor cells but that the concomitant PD-L1 upregulation may reduce the ability of these recruited immune cells to kill the virus/tumor cells. This, in turn, suggests that anti-PD-L1 therapy in conjunction with reovirus may enhance tumor lysis by removing the checkpoint inhibition on the CD8 and NK cells that have been recruited to the area of infection.
